A hard/soft magnetic composite pillar array medium(CPA media) is proposed for Tera-bits/inch 2 recording. The recording frequency of 1.5 GHz is considered to be necessary to obtain high data rate with 1 Tbits/inch 2 recording rensity. A magnetization switching time for the single hard/soft magnetic composite pillar was evaluated using a micromagnetic simulator based on the Landau-Lifshitz-Gilbert equation. The switching time less than 0.33 nano second was found to be attained by appropriately setting the damping constant, the incident angle of applied field, and the exchange constant between the hard and soft magnetic units. The influence of the neighboring pillars in the array was also evaluated. The CPA media was found to be available for the high frequency recording corresponding to 1.5 GHz.
INTRODUCTION
Magnetic grains tend to be smaller in order to increase areal recording density for hard disk drives. Magnetization thermal stability, however, decreases with decrease in magnetic grain size unless highly anisotropic materials are employed for recording layer. The highly anisotropic material requires strong magnetic fields for the magnetization reversal although strength of the magnetic head field is limited. These problems are called "tri-lemma" [1] . A hard/soft magnetic composite pillar array medium(CPA media) as shown in Fig. 1 is proposed by the authors for Tera-bits/inch 2 recording [2] . The CPA media has a specific feature that magnetization of the recording layer reverses with relatively weak magnetic fields even though the magnetic material is highly anisotropic material [3] .
Recording frequency increases with increase in areal recording density to obtain high data rate. The recording frequency of 1.5 GHz is considered to be necessary for the 1 Tbits/inch 2 recording [4] . Therefore, magnetization should complete switching in 0.33 nano second for the 1.5 GHz of recording frequency. In this study, the magnetization switching time is evaluated using a micromagnetic simulator based on the Landau-Lifshitz-Gilbert(LLG) equation to investigate the possibility of the 1.5 GHz recording for the CPA media.
SIMULATION
LLG equation is expressed by equation (1) . Figure 2 shows a calculation model. The single hard/soft magnetic composite pillar is composed of the hard and soft magnetic units. 12.5×12.5 nm 2 is the typical pillar size for the 1 Tbits/inch 2 recording. The cell size is fixed to 2.5×2.5×2.5 nm 3 , and the each cell has a single magnetization vector. The lengths of the hard and soft magnetic units are set to 10.0 and 25.0 nm. The soft magnetic unit length of 25.0 nm is long enough to reduce the effective coercivity for the hard magnetic unit [3] . The hard magnetic unit length of 10.0 nm is long enough in terms of thermal stability [5] . Materials for the hard and soft magnetic units are assumed to be FePt type and Fe type materials, so the anisotropy field and the saturation magnetization for the hard magnetic unit are set to 18 kOe and 1000 emu/cc and the saturation magnetization for the soft magnetic unit is set to 1200 emu/cc. The exchange constants for both the hard and soft magnetic units are set to 1.0×10 -6 erg/cm. The exchange constant between the hard and soft magnetic units is defined as A int (variable). The damping constant for both the hard and soft magnetic units are defined as α(variable).
In this simulation, the uniform magnetic field of 15 kOe is applied to the hard/soft magnetic composite pillar. The incident angle of the applied field is defined as θ(variable). In the case of θ=0, the applied field direction is parallel to the pillar length direction.
RESULTS AND DISCUSSION

Magnetization Switching Time
Magnetization behaviors for the hard and soft magnetic units are shown in Fig. 3 . The calculation conditions are α=0.01, θ=0, and A int =0. The vertical axis shows the components of magnetization in the applied field direction for the hard and soft magnetic units. The magnetization switching time for the pillar is defined as the time, t H , that the magnetizations of the hard magnetic unit reach for 80 % of M S in the opposite direction. The screen shot of the magnetization vectors at 0, 2 and 4 nano second, are shown in Fig. 4 . The magnetization vectors surrounded by the broken lines are for the hard magnetic unit. The magnetizations for the hard and soft magnetic units are initially saturated in the upper direction with 20 kOe of the applied field (Fig. 4(a) ), and then the uniform magnetic field of 15 kOe is applied to the hard/soft magnetic composite pillar in the opposite direction. Fig. 4(b) and (c) show the magnetization vectors for the soft magnetic unit and the hard magnetic unit at the beginning of the magnetic reversal for the each unit. Magnetizations of the hard magnetic unit reversed with the applied field smaller than the anisotropy field for the hard magnetic material, because magnetizations of the soft magnetic unit enhance Figure 5 shows the magnetization switching time, t H , as a function of the damping constant, α, for the hard and soft magnetic units. In this calculation, θ and A int are set to 0 and 0, respectively. Dotted line indicates the time for the applied magnetic field reversal during the 1.5 GHz recording. The switching time, t H , dramatically decreases with increasing α. The second term in the right side of the equation (1) including the damping constant expresses a relaxation mechanism for the magnetization vector. Since the magnetic damping due to the applied magnetic field increases with increase in , the magnetization switching time decreases. Damping constants for magnetic materials should be considered in order to achieve 1 Tbits/inch 2 or higher areal density recording. Typical damping constants for magnetic materials used for magnetic recording are in the range from 0.001 to 0.05. Damping constants of hard magnetic materials are relatively large, so damping constants for soft magnetic materials should be greatly concerned. The damping constant for the soft magnetic material needs to be greater than 0.01, which is observed for FeCo and NiCo [6] . Figure 6 shows the magnetization switching time, t H , as a function of the incident angle of the applied field, θ. In the calculation, α and A int are set to 0.01 and 0, respectively. The switching time, t H , is greatly decreased when the applied field with a small incident angle of  = 2˚. The reason is considered that the effective torque to rotate magnetization vectors increase with increasing  in the calculated range. The magnetization switching time for the pillars in practical recording process is considered to be very short because magnetic head fields have relatively large incident angles of several degrees or greater. Figure 7 shows the magnetization switching time, t H , as a function of the exchange constant between the hard and soft magnetic units, A int . In this calculation, α and  are 0.01 and 0. t H decreases with increase in A int . In the previous study, the magnetizations of the soft magnetic unit were found to enhance magnetization reversal of the hard magnetic unit through the strong exchange coupling between the hard and soft magnetic units. The magnetizations of the soft magnetic unit are also considered to accelerate magnetization reversal of the hard magnetic unit.
Applied field direction
Magnetic exchange between hard and soft magnetic units
Magnetization behaviors for the hard and soft magnetic units were calculated assuming realistic recording condition that α, θ, and A int are 0.01, 5 ˚, and 5.0×10 -7 erg/cm. The result is shown in Fig. 8 . Magnetizations of the hard and soft magnetic units almost switched within 0.33 nano second. The results show that magnetic recording with 1.5 GHz of the 
Arrayed Pillar
The hard/soft magnetic composite pillar is surrounded by the hard/soft magnetic composite pillars in the magnetic recording media. In this simulation, the magnetization reversal behavior is calculated in the case of the arrayed pillars as shown in Fig. 9 and the influence of the magnetostatic interaction field caused by the first and second nearest neighboring pillars is investigated in terms of the magnetization switching time. Figure 10 shows the magnetization behaviors of the hard and soft magnetic units for the centrally-positioned pillar in Fig. 9 against the time. α , θ, and A int are set to 0.01, 5 ˚, and 5.0×10
-7 erg/cm, in this calculation. The perpendicular magnetization components of the hard and soft magnetic units for the single pillar are shown as broken lines. The magnetization behaviors for the single pillar and the arrayed pillars are similar at the beginning of the magnetization reversal. The magnetization reversal for the arrayed pillars slows with the magnetization reversal because the magnetostatic interaction fields caused by the neighboring pillars prevent magnetization reversal for the pillar. The influence of the magnetostatic interaction fields on the magnetization switching time for the hard/soft magnetic composite pillar, however, are not so serious and the perpendicular magnetization components of the hard and soft magnetic units reach to 80 % of M S within 0.33 nano second.
CONCLUSION
Magnetization switching time is evaluated using the micromagnetic simulator to investigate the possibility of high frequency recording for the CPA media. Small damping constants and strong magnetic coupling between the hard and soft magnetic units were found to be required in order to switch the magnetizations for the hard/soft magnetic composite pillars. The magnetization switching time dramatically decreased under the condition of the applied field with a slight incident angles. Therefore, the CPA media is concluded to be available for high recording frequency of 1.5 GHz corresponding to 1 Tbits/inch 2 recording. Fig. 9 The arrangement and the separation of the arrayed 9 pillars for the simulation. 
